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Ab initio calculations on electronic states of CaOH
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Ab initio configuration interaction calculations have been carried out on the potential energy
surfaces of the ground and the doublet excited electronic states of CaOH. The calculated transition
energies are in good agreement with previous theoretical values and with the available experimental
data. The calculated Ca—O stretching potentials at different values of the bond angle show typical
Rydberg minima at short internuclear distances but are complicated forRargg. The calculated
bending potentials are rather shallow for deviations of 5°—10° from linearity and, depending on the
values of the Ca—0O and O—H bond lengths, off-linear geometries have low energies. There is no
evidence for the existence of an electronic state with bent equilibrium geometry, which would
correspond to the reported state correlating W&tAII of CaOH. The 7A’ state (which does
correlate withF 2I1) is found to be quasi-linear with a barrier to linearity of only 92 ¢mand

similarly the 42A” state(correlating withC 2A) is found to be quasilinear with a barrier to linearity
of 84 cml. © 2002 American Institute of Physic§DOI: 10.1063/1.1497680

INTRODUCTION BeOH and MgOH, where covalent bonding is expected to
contribute, did find the first excited state?&’, correlating
Many experimental studies have been devoted during thgjith the A 2T of linear geometry, to have a bent equilibrium
past two decades to the spectroscopy of CaQhtluding  geometry in both systendd.The A’ state of BeOH was
millimeter wave rotational spectroscdpyas well as studies found to have a minimum energy geometry with a bond
of electronic transitions involving thé T, B2, C2A,  angle of 116° and a barrier to linearity of 3710 chiwhile
D23*, E23", F2, and G I states'™° The monohy- the corresponding state of MgOH was found to have a mini-
droxide molecules of metals are of interest for studies of thenum at 115° at a transition energy of 3.34 eV with respect to
chemistry of metallic elements in the envelopes of oxygenthe ground state and with a barrier to linearity of 2216
rich stars as well as in molecular clouti.is predicted that  cm~1.17 These results are in good agreement with the exist-
CaOH is the most abundant molecule containing Ca alng experimental data for MgOH , with 119° for the bond

T~1000-2000 K, although attempts to detect it havegngle, a transition energy of 3.299 eV and a barrier height of
failed=** Theoretical calculations on CaOH have been de~1970 cn 128 For the heavier system, SrOH, for which a

voted to the ground state geometry and dissociatio
energy*>*3to the equilibrium geometry and dipole moment
of the lowest three electronic statégp the determination of

Thumber of transitions have been observed, linear geometries
have been proposed for all the excited electronic states, in-

the different stable ground state geometfied also to the cluding theC ?I1 state, in which substantial Renner—Teller
vertical transition energies at the ground state experiment&Ctivity is assumed, causing pronounced activity in the bend-
geometry’ES'm The electronic structure of CaOH can be de-Ng vibrational modé? Theoretical calculations of the poten-

scribed by an ionic model, C®H™, whereby the excited tial energy curves of the excited states of CaOH which might
states are obtained by excitation of an unpaired €aldc- ~ clarify whether a bent excited state of this system exists have
tron into higherns, np and nd levels®'! Accordingly, the  nhot yet been reported.

ground and these Rydberg excited states have siffiit@ar In the present workab initio multireference double ex-
geometry, which is consistent with theoretical wdrland  citations configuration interaction(MRD-CI) calcula-
experimental findings for most of the observed excited state$ions’®=%2 on the doublet excited states of CaOH for linear
A bent excited state has been proposed correlating with thand bent geometries are presented, in an effort to provide
(3d) F 211 linear state, as deduced from extensive activity intheoretical information for the spectroscopically observed
the bending vibration in the observed speétriadicating  states of this system. The present work is continuing the
considerable covalent character for this state. Configuratioaffort'’ to determine structural trends for the metal monohy-
interaction calculations on the lighter members of this seriesdroxides and M-OH bond formation.
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TABLE I. Valence atomic orbital basis sésmployed in the present calcu- 110° and 180°. The O—H bond length was fixed for these
lations for Ca and O. . . 21?)&‘

calculations at the experimental value 0.922"An an ad-
stype exponent p-type exponent d-type exponent f-type exponent  ditional set of calculations in which the Ca—O bond length
was varied between 3.5 and 3.9 bohr and the bond angle

3_262 2 4.90273 1551 14 between 130° and 180°, the O—H bond length was changed
3.97775 1.921 43 4.08 0.3 from the above value to the bond length of OIf0.970 A
0.977 055 0.784 693 1.32 (Ref. 23], in which intervals also lie other experimeH‘Padis
0.396 147 0.308 996 0.454 well as theoretical estimatés*of the O—H bond length in
0.065938 0.1522 0.1498 the ground electronic state of CaOH.
8'8?6902 5)3)27;5273 83)14; For the K and L shells of Ca and the K shell of O,
0.004 0.01 0.003 effective core potentials have been emploge®. The va-
0.004 lence AO basis sets employed for Ca and O are listed in
o Table I. The AO basis set for hydrogen is ttas/4s)%® aug-
gg%g g-g%g é-g mented with D polarization functionsexponents 0.7 and
0.6471 0.6471 : 0.2 gnds (exponent 0.02band p (exponent 0.03bdiffuse
0.2 0.2 functions.
0.059 Before adopting the above basis sets, test calculations

were carried out with different basis sets, with and without

All uncontracted unless otherwise indicated. . . . . .
PContraction coefficients 0.034 95 and 0.170 50 for upper and lower func-eﬁectlve core potentials, including the AO basis set em-

tions, respectively. ployed previously!~1#in order to examine the convergence
“Contraction coefficients 0.5716 and 0.3282 for upper and lower functionsof the results with the basis set. Furthermore, exploratory
respectively. calculations for testing the CI procedure were carried out,

involving 17, 9, and 7 electrons, respectively, in the Cl cal-

culations. It was found that for excitation energies, the re-

sults of the 7-electron configuration interaction calculations
Ab initio MRD—-CI calculations have been carried out on of the present work were comparable to those of previous

electronic states of CaOH for linear and bent geometries inwork.'® As also found previousl¥ a larger value is obtained

volving different values of the Ca—O bond length, varying

from 2.8 bohr to 10.0 bohr, and of the bond angle between

CALCULATIONS
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FIG. 2. Linear Ca—O stretching potentials obtained from Cs calculations
FIG. 1. Ca-0 stretching potentials obtained fr@g, calculations for O—H  (solid lineg andC,, calculationgpoints, for O—H bond lengtk1.742 351
bond lengtk=1.742 351 bohr. bohr.
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for the ground state equilibrium Ca—O bond length with the ~ While most calculations have been carried outGg
7-electron than with the 17-electron CI calculations, the latsymmetry, which is the common point group symmetry for
ter being closer to the experimental value. The 9-electromoth bent and linear conformations, one series of calculations
calculations also overestimate the ground state equilibriunhas been carried out i@,,, symmetry in order to identify the
bond length. It has been found that the precise calculation dfnear states. In the latter calculations %" states are ob-
the Ca—O bond length in CaOH and in CaO requires thé¢ained as?A;, the ?II states(and °® at the dissociation
inclusion of core—electron correlatiéhln the present work limits, see beloware obtained a8, and?B,, the?A states

the main object is the determination of potential energy suras?A; and?A, and the?Y~ as?A,. In the C; calculations
faces of a large number of excited states of CaOH rather thaie S " states are obtained 48’, the?S ~ as?A” and the

the precise determination of the molecular geometry. For thi€Il, (°®) and?A states agA’ and2A” pairs. Large refer-
reason the 7-electron treatment has been employed in thence sets for the generation of the configurations of the ClI
present calculations, in order to keep the calculations tracealculations have been employed, determined by preliminary
table. calculations over the different geometries considered. At
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TABLE II. Vertical transition energiegeV) of the electronic states of CaOt€a—0=3.8 bohr and O—H1.742 351 bohr

Coy Coy C, C&d Other Expt®
States AE, states AE, theor® states AE
12A, 0.0 12A’ 0.0 0.0 %25+, 0.0
12%B, 1.93 22A", 12A" 1.93, 1.93 1.880 A2, 1.984
1.93, 1.94
22, 2.26 32A’ 2.26, 2.26 2.226 B2S*, 2.234
32A;, 12A, 3.04, 3.03 LA, 22N 3.05, 3.04 3.021 T2\, 2716
3.07, 3.05
427, 3.35 52A' 3.35, 3.36 3.285 D23+, 3.490
52A, 3.77 62A’ 3.78 3.702 E2S*, 3.704
22%B, 3.79 72A", 32A" 3.80, 3.78 3.79, 3.78 3.721 E 211, 3.746
32%B, 3.95 82A", 42A" 3.95, 3.95, 3.96, 3.96 3.875 G 211, 4.046
6 %A, 4.03 92A’ 4.05, 4.05 3.946 H23*
727, 227, 4.19, 4.20 FA" 4.17, 4.18 4.063 3A
82A, 4.32 623"
4°%B, 4.42 62A" 4.42,4.42 £T1
92A, 451 725"
52B, 4.56 72A" 4.57 5211
32A, 4.64 82A" 4.65 32A
424, 6.65
52A, 6.65
6 %A, 7.84

@Upper valuesT=0.5 uhartree, lowelT=0.025 uhartree
PReference 15.
‘Reference 9.

short bond lengths the electronic states of CaOH are charate the region of the minima, and the same angle range as
terized by a small number of configurations involving singleabove, employed a selection threshold of 0.Q2f&rtree, re-
excitations of the unpaired electron from essentially Ga 4 sulting in Cl spaces of 300 000—400 000 configurations, in
(corresponding to theéX 23" ground state of CaOHto  order to have more precise determinations in that region. In
4p,3d, etc., states. However at intermediate and large bonthe latter set of calculations, for bond angles between 130°
lengths the electronic states change character drastically a@d 180° variations in the O—H bond length were also con-
require configurations with three or more open shells. At thesidered, taking values between 1.742 351 and 1.84 {ibar
dissociation limits, the ground state is Caf4S) latter value being slightly larger than the experimental equi-
+OH(X?II) leading to the?II ground state for CaOH, librium bond length of the OH radicgin order to obtain
whereas the next limit is Caé4p 3P°) +OH(X?II) yield-  theoretical estimates of the equilibrium geometries of the
ing 2>, 23", 211, and?A states(and spin quarteisand the  different states. The experimental values for the O—H bond
next dissociation limit Ca(43d D)+ OH(X?II) yields length in the ground state of CaOH vary from 0.901-0.922
25+ 25- (2) 21, 2A, and?® states. In the,, calculations A (1.703-1.743 bohrfor ro (Refs. 1, 3, 4 and 0.930-
nine states 0f2A1 symmetry, five oszl and six of 2A2 0.9562 A(1.757-1.807 bohrfor re.4'1°The variation in the
symmetry have been calculated, emp|0ying 70, 61, and 5gxperimental values for the Ca—O bond Iength in CaOH is
reference configurations, respectively, with respect to whictgmaller, 1.985-1.986 A for, (Refs. 1, 4, and 10and

all single and double excitations are generated. Selectioh.9746—1.976 A for,.**

with a threshold(T) of 0.5 uhartree resulted in Cl spaces

vgrying between.50 000 and 100000 _configurations gt th?zESULTS AND DISCUSSION

different geometries. In all the calculations presented in the

present work, extrapolation of the calculated eigenvalues to The Ca—O stretching potential energy curves obtained
T=0 was carried out as well as a full-Cl correcti$hin the ~ from theC,, calculations are shown in Fig(d (>3 " state$

C, calculations, the reference spaces consisted of 71 configand Fig. 1b) (21, 2A, and?3, ~state. As shown, the ex-
rations for the?A’ and 75 configurations for thHeA” calcu-  cited states have typical Rydberg minima for Ca—O distances
lations. The same selection threshold as in@¢ calcula-  between 3.65 and 3.8 bohr, but at larger distances they show
tions, 0.5uhartree, was employed for calculations involving interactions and avoided crossings, especially in the poten-
values of the Ca—0 bond length between 2.8 and 10.0 bohials of the Il states. The Ca—O stretching potential energy
and for the<CaOH bond angle between 110° and 180°. Thecurves obtained from the calculationsGy symmetry appear
O-H bond length was fixed at the experimemtgalalue of to be even more complicated, cf. Fig. 2. However the seem-
0.922 A or 1.742 351 bohr. The CI spaces of these calculaingly spurious bumps can be resolved at linear geometries in
tions varied between 100000 and 200000 configurationterms of crossings between different states having the same
over the different geometries. Finally, calculations for shortsymmetry in theCg point group, as shown in Fig. 2, where
Ca—0 bond lengths between 3.2 and 4.2 bohr, correspondirtge lines are obtained from th@g and the points from the
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Bending potentials at Ca-O 3.8 bohr
and O-H 1.742351 bohr
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Cpy calculations. For nonlinear geometries, the Ca-Ostates of CaOH, up tdi 22", including experimentall,
stretching potentials retain their basic appearance, with smallajyes and theoretical vertical energies at the optimized ge-
variations in the barrier heights, cf. Fig. 3, where typlcalOmetry of 2.019 A for Ca—O and 0.967 A for O—H of ground

Ca-0 stretching potentials have been plotted for bond angle&ate CaOH have been compiled by Haityal® Those val-

of 160° and 120°. It may be seen in Fig. 3 that, as alsg d h . . f th
mentioned above, for Ca—O bond lengths smaller than aboﬁ{es are compared to the transition energies of the present
! ork calculated at Ca—©3.8 bohr and O-H1.742 351

4.5 bohr, the potential energy curves of the excited states of . ]

CaOH have the typical appearance of Rydberg states, WhiIBOhr in Table Il, where the results of t@zv calculgtlons z_is

at larger bond lengths they become very complicated. Th¥vell as those for two sets di calculations obtained with

same type of qualitative picture has also been obtained prdébe T=0.5 andT=0.025 uhartree calculations, respectively,

viously for the potential energy curves of the excited stategre given. As shown in Table II, th€,, and theC, values

of MgOH and BeOH-’ are nearly identical. The agreement with the previous theo-
Transition energies from the ground to excited electroniaetical values is fair, as also with experimental values. For

Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 117, No. 10, 8 September 2002 States of CaOH 4815

Bending potentials for different
Ca-O bond lengths
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most of the transitions the theoretical values are within 0.05 The calculated bending potentials for the various elec-
eV (and within 0.1 eV for the higher stafesf the experi- tronic states of CaOH, with the O—H bond length fixed at the
mental. However there is a large discrepafafabout 0.33  r value of 1.742 351 bohr and Ca—O bond length varying
eV) between the present theoretical and experiméfgaal-  from 2.8-3.9 bohr, obtained at=0.5 phartree, all have
ues for theC ?A state, for which a similar difference is also their minima at 180°. A typical plot of the bending potentials
found between the experimental and the theoretical values @ shown for a Ca—O bond length of 3.8 bohr and O-H
previous work® Since the theoretical methods and basis sets=1.742 351 boh0.922 A in Fig. 4. Allowing for the dif-
employed in the present work are quite different from thoseerent vertical scale in these diagrams it may be seen that the
of the previous theoretical studyand yet the calculatel,  pending potentials of the excited states generally resemble
values for theC ?A state are within 0.03 eV of each other, it that of the ground state, with the exception d#8 which is
would seem that the experimental position of ©&A state  shallower. In fact, the A’ state appears to be quasilinear in
might be in error. the sense that the bending potential is very flat near the linear

Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



4816

Energy (hartree)

Energy (hartree)

-0,604
-0,606—-
-0,608—-
-0,610—.
-0,612-
-0,614—-
-0,616—.
-0,618-.
-0,620-
-0,622-.

-0,624

-0,604
-0,606-.
—0,608—.
—0,610-.
-0,612
-0,614-.
-0,616-.
-0,618-.
-0,620:
-0,622-.

-0,624

J. Chem. Phys., Vol. 117, No. 10, 8 September 2002

Bending potentials of 6°A", 7°A’ and 3°A"

0,604 -

-o,soe-

-o,soe-

-0,610—.
Ca-0=3.7 bohr _0,612-
-0,614—-
-0,616—.
-0,618-.
-0,620-
-0,622-.

\\._- g
E%f -0,624

\

Ca-0=3.9 bohr

T T T T T T T T 1T 1
100 110 120 130 140 150 160 170 180 190

. g
-0,606 -
‘\ 0,608

-0,604

Ca-0=3.6 bohr '0’610'.
-0,612
-0,614_.
-0,616_.
-0,618 4

-0,620

-0,622

. +
~E%

-0,624

T T T T T T T T T 1
100 110 120 130 140 150 160 170 180 190

“m
e,
». - Ay
g SN & ]

Ex*

—r T T T T T T T 1
100 110 120 130 140 150 160 170 180 190

<CaOH (deg.)

NS LR R R N L R S m |
100 110 120 130 140 150 160 170 180 190

<CaOH (deg.)

Theodorakopoulos et al.

FIG. 6. Bending potentials of the
6°2A’, 72A’, and 3?A”, correlating
with E23* and F 2[, for different
values of the Ca—O bond length and
for O—H bond lengtk1.742 351 bohr.

geometry. Decreasing the bond angle from 180° down tde the 72A’ state, which has a rather shallow minimum

160° only raises the energy by 20 ¢ in the calculations

(with a barrier to linearity of about 50 cnt along this cross

shown in Fig. 4. At larger Ca—O bond lengths, bent geomsection) in the bending potential for Ca—€8.7 bohr, at
etries are favored, cf. Fig. 5, where bending potentials of the75°, which results from an avoided crossing between the
ground,A2[l, B2S*, andD 23" states are shown for dif- 62A’ and 7°A’ states(cf. Fig. 6. This might be contrasted
ferent values of the Ca—0O bond length and with O—H fixedwith the MgOH and BeOH systems, where as mentioned in
at 1.742 351 bohr. However at these geometries the calcdhe Introduction, our calculations have shown that the first
lated energies are much higher than for the shorter bonexcited state in both systems is bent, with relatively deep
lengths(cf. Fig. 6). Thus in the potential energy curves pre- minima, of 2216 cm'at a bond angle of 115° and 3710

sented thus far there is no evidence for a Beeixcited state
of CaOH, which correlates with a line&Il state, as has

cm ! at 116°, respectively/.
It should be also noted that the order of the adiabfatic

been proposed previously on the basis of the observed spestates correlating with the 23" and theF II varies with
tra. The state most closely resembling this description wouldCa—O bond length. For Ca—O greater than 3.8 boRAG
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6°A'-7°A’ interaction with Ca-O stretching
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FIG. 7. Details of the stretching potentials of thé/', 7 2A’ states at different values of the bond angle.

+3%A” correlate withF 2IT and 7?A’ with E 23" while for  lations(employing a threshold of 0.025hartre¢ have been
shorter bond lengthée.g., 3.6 bohr, 72A’ +32A” correlate  carried out for the region of the geometries with Ca—O bond
with E 2IT and 62A’ with E2S *, cf. Fig. 6. Ata Ca—O bond length between 3.2 and 4.2 bohr, which includes the Rydberg
length of 3.7—3.8 bohr and a bond angle of 180° all threeminima of the stretching potentialsf. Fig. 1). Furthermore,
states, BA’, 72A’, and 3°A”, lie close in energy. Although variations in the O—H bond length were considered, since
it appears that it is 7A’ that correlates witfF 211, this is  there is a wide difference between the reported experimental

only the case at bond angles very near 180°, while there i%alues for the O—H bond length in CaOH. There is no sig-
the above mentioned avoided crossing between fie éaind ~ hificant difference between the results of the smaller Cl and
72A’ states at a bond angle of 175°, cf. Fig. 6. It is instruc-those of the larger CI calculations, with O-H fixed at
tive to compare the Ca—O stretching potentials of tf&6  1.742351 bohr. When the O—H bond length is varied, larger
and 7?A’ states at different bond angles, including the linearvalues are favored for the ground as well as the excited
calculations, shown in Fig. 7. As shown there, at the lineastates, as will be discussed below. In Table Ill, the linear
geometries there is a crossing of Be2S * andE 211 states geometries corresponding to minima in the calculated ener-
at a Ca—0O bond length of 3.75 bohr. When the bond anglgies are given. As shown in Table Ill, most states favor a
decreases, the basic structure is retained except that now tkiglue near 1.80 bohr for the O—H bond length, which is close
crossing becomes avoided crossing and the curves mowe the experimental, value of Li and Coxon for the ground
apart for smaller bond anglésf. plot at 145° in Fig. 7. The  and the A%l state, 1.80698 and 1.808870 bohr,
present findings are in agreement with the experimental evirespectively)® However, the present calculations overesti-
dence of mixing between tHe andF state€ for which there  mate the Ca—O bond length by about 0.1 bohr, compared
is only a difference of 336 cm' between theT, values  with the experimentat, values of 3.732 and 3.691 06 bohr
assigned to th& —X andF—X transitions. for the above two states, respectivElyfhe trend of decreas-
As mentioned in the preceding sections, larger Cl calcuing Ca—O bond length in going from the ground state to
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TABLE I1l. Minimum energy linear geometries and transition energies of that, as mentioned above, for certain of the electronic states
the electronic states of CaOH. of CaOH a number of molecular geometries involving small
CaOH=180° T, variations in the molecular parameters, including the bond
States Rea_o (bohn, Re_y (bohi (eV) angle, have nearly identical energies. Much larger calcula-
tions, including core correlation effects might yield a more

X2Ar (X 25t 3.83, 1.80 0.0 . o L )
XZA, (XZEN )~2H 376, 1.80 194 195 precise determination of the equilibrium geometries of the
§22" EBZAY(A ) 3'77’ 1'80 ' ) ’28' ground and excited states of CaOH. Recent RCO3$Dal-

( ) o ' culations on the ground state of CaOH, employing
4277, 22772 (T 2p) 3.83, 1.80 3.06, 3.05 ) _
p 2A”(5 25+) 370 1.80 337 quadruple-zeta and quintuple-zeta basis sets and 17-electrons
620 €255 3 65’ 182 374 in the CI calculations resulted in excellent agreement of the-
72073207 (E 211) 3.70. 1.80 3.80. 3.79 oretical and experimental bond lengths as well as
82A" 42A" @ 2IT) 3.68. 1.80 3906 395  Vibrational-rotational term values ar} values?’ As shown
ng,'(g 25+ 3.68. 1.81 4.04 in Table Ill, the calculated transition energies corresponding
52A" (2 2A) 3.68, 1.81 4.18 0 the minimum ener eometri€,) are not significan

to th tri€d t f tl

6 2A” (4 210) 3.72, 1.80 4.43 different from the vertical transition energies listed in Table
72A" (5%10) 3.68, 1.80 4.56 I, demonstrating that there is a nearly uniform lowering of
82A” (32A) 3.68,1.81 4.64

the energies of the states calculated when the O—H bond
*Bent minimum of 22A” at 170°, Ca—G-3.83 bohr, O—H1.80 bohr, with  1€ngth is increased from 1.742351 to 1.80 bohr.

barrier to linearity of 84 cm®.
bBent minimum at 175°, Ca—©3.7 bohr, O—H-=1.79 bohr, with a barrier to

linearity of 92 cm™. CONCLUSIONS

Effective-core MRDCI calculations have been carried

A2 is well reproducedcf. Table Ill), however, and simi- out on the potential energy surfaces of the ground and ex-
larly for the equilibrium bond length of th® 23 * state, for cited electronic states of CaOH. The calculated transition

which the experimental estimate for the equilibrium ca_otnergies are in good agreement with previous theoretical and

bond length is 1.894 A3.579 boh).8 As shown in Table 111, With experimental values, with the exception of A

all the excited states calculated have shorter Ca—O boneX°Y ™ transition energy for which there is a discrepancy

lengths than the ground state, with the exception A4  between the theoretical and the experimental values of over
and 22A” states which correlate witf2A. and have the 0.33 eV. All the states calculated favor linear geometries,

same equilibrium linear geometry as the ground state. Againwith the exception of 2A” state(correlating withC ?A) and
there is no evidence for a bent state with a considerabl@2A’ (correlating withF 2IT). These states are quasilinear
minimum, while the A’ state correlating witf 2IT has a  With a barrier to linearity of 84 cm* and 92 cm*, respec-
minimum at Ca—&-3.70 bohr, O—H-1.79 bohr and a bond tively.

angle of 175°, with a barrier to linearity of 92 crh Simi-

larly, the 22A” state correlating with th€ ?A state has a
shallow minimum of 84 cm? at 175° and Ca—©3.81 bohr

depths is well within the expected errors in the present calpjjateral collaboration program and by NATO PST.
culations, their persistence when the CI calculation is enc| G.978504.

larged is indicative that these minima do exist. Furthermore,
similar calculations on the ground state of BeOH obtained a

. . _1 . .
minimum of 50 cm 7, in close agreement with the results 1p r gemath, inadvances in Photochemistrgdited by D. C. Neckers,
(45—-60 cm'1) of other calculations employing methods, not D. H. Volman, and G. von Buau(Wiley, New York, 1997, Vol. 23, p. 1.
involving selection of configuratiorfg. 2L. M. Ziurys, D. A. Fletcher, M. A. Anderson, and W. L. Barclay, Jr.,

- . Astrophys. J., Suppl. Set02 425(1996.
It might be noted that the calculated minima for e 3B. P, Nuccio, A. J. Apponi, and L. M. Ziurys, J. Chem. Phg63 9193

states are rather broad in the sense that a number of different;ggs.
geometries around the linear minimum, corresponding to*R. C. Hilborn, Z. Qingshi, and D. O. Harris, J. Mol. Spectro8g, 73
small variations in the Ca—O bond length, the O—H bond(1983- .
| th d the bond | h imil . R. F. Wormsbecher, M. Trkula, C. Martner, R. E. Penn, and D. O. Harris,
ength an e bond angle, aivle very similar energies. ; "y spectrosco7, 29 (1983.
Slightly lower minima(by 5—15 cm *) are found for a bond  ¢p. F. Bernath and S. Kinsey-Nielsen, Chem. Phys. 1165, 663 (1984.
angle of 175° than for the linear geometries in the cases oiZC- N. Jarman and P. F. Bernath, J. Chem. PBys1711(1992.

2A1 p2p7 281 R. Pereira and D. H. Levy, J. Chem. Ph{85 9733(1996.
2°A", 4°A7, and 6°A ,,States and alsq for the grounq state. °R. A. Hailey, C. Jarman, and P. F. Bernath, J. Chem. Phg3, 669
By contrast, all the’A” calculated, with the exception of (1997.
22A" (see above have linear minimum energy geometries. 1°M. Li and J. A. Coxon, J. Chem. Phy&04, 4961 (1996; 102, 2663
It is rather tenuous to insist on the existence of the above (1995.

: - / : C. W. Bauschlicher, Jr., S. R. Langhoff, T. C. Steimle, and J. E. Shirley, J.
off-linear minima found for some of theA’ states, given the Chem. Phys93, 4179(1990.

small energy differences involved and the accuracy of thezc . gauschiicher, Jr. and H. Partridge, Chem. Phys. LEI6 65
present calculations. However, the present results indicate(1984.
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